The wear properties of uncoated, chromium aluminum nitride (CrAlN) and titanium aluminum nitride (TiAlN) coated AISI D2 steel were investigated and compared using ball-on-disc method at 0.3 m/s sliding speed and under the loads of 2.5 N, 5 N, and 10 N against Si3N4 ball as a counter material. Steel samples were nitrided at 575
Introduction
Wear is dened as damage to a solid surface, generally involving progressive loss of material, due to relative motion between contacting surfaces [1, 2] . Over the last two decades the market for wear reducing and friction lowering coatings has grown tremendously. The development of wear reducing coatings has started with tool coating [3] . Nitride based hard compound coatings found increasing applications for nearly every demand. High hardness, excellent wear and corrosion resistance enable them to improve tool life greatly. Among them, TiN and CrN are respectively the rst and the second most frequently employed coatings [4] . The ternary coating system of titaniumaluminium-based nitride is attractive due to its signicant enhancement of oxidation resistance and mechanical properties with respect to TiN [5] . TiAlN made tool coating popular because of their excellent performance.
Chromium based coatings are a promising choice for components. These coatings combine good wear properties and a high corrosion resistance. The ternary system chromium aluminum nitride is of high interest for tool and component applications [3, 4, 68] . Titanium aluminium nitride coatings have been applied to tools, dies, and many mechanical parts to increase their lifetime and performance owing to their attractive properties such as high hardness, good thermal stability and oxidation resistance, good wear and chemical stability [9, 10] . CrAlN and TiAlN coatings have been deposited by dierent physical vapour deposition (PVD) techniques: magnetron sputtering, arc ion plating, cathodic arc evaporation and pulsed laser deposition [11, 12] .
TRD process is a method of coating steels with a hard, wear resistant layer of carbides, nitrides, or carbonitrides. In the TRD process, the carbon and nitrogen in the steel substrate diuse into a deposited layer with a carbide forming or nitride forming element such as vanadium, niobium, tantalum, chromium, molybdenum, or tungsten. The diusion carbon or nitrogen reacts with carbides and nitride forming elements in the deposited coating so as to form dense and metallurgically bonded carbide or nitride coating at the substrate surface [9] . The purpose of the present study is to investigate the tribological properties of untreated and thermo--chemically coated TiAlN and CrAlN surfaces by ball-on--disc method.
Experimental procedure
In the experimental studies, the AISI D2 steel is used, of which composition is 1.54% C, 0.28% Si, 0.29% Mn, 0.023% P, 0.005% S, 11.3% Cr, 0.74% Mo, 0.77% Ni, 0.74% V, and iron (balance). Test pieces of AISI D2 steel were sectioned the dimensions of 20 mm in diameter and 5 mm in thickness and prepared metallographically. The pre-nitriding treatment was carried out in a nitrogen and ammonia atmosphere at 575
• C for 8 h. Then chromium aluminium nitride (CrAlN) and titanium aluminium nitride (TiAlN) coatings were performed on the pre-nitrided steel samples by the thermoreactive deposition technique in a powder mixture consisting of ferro--chromium (for CrAlN), ferro-titanium (for TiAlN), aluminum (by 5 wt% for CrAlN and 7 wt% for TiAlN), ammonium chloride and alumina at 1000
• C for 2 h. The morphological details and layer thickness measurements of samples were carried out using optical microscopy and scanning electron microscopy. X-ray diraction (XRD) analysis was performed on the coated sample surfaces. The hardness of uncoated steel, CrAlN and TiAlN coating layers were measured with 5 g load.
Ball-on-disk arrangement was used for the friction and wear tests. The silicon nitride (Si 3 N 4 ) ball, 10 mm in di- (362) ameter, was used as a counter material during the wear test. The wear test parameters are given in Table I . Wear rate was measured primarily by volumetric (volume loss) means. Worn volume (v) of the disk materials was calculated using prolemeter and the equation of the wear rate is given in Eq. (1) [13] :
where v (πDA) is the volumetric loss (mm 3 ) of wear track, D is the diameter of the wear track (mm), A is the area (mm 2 ) of the cross-section of the wear track which is calculated using prolemeter and S is the sliding distance (m). Specic wear rate (k) was calculated using Eq. (2) [14] , where P is the applied load (N). Worn tracks of counter disks and wear scars of worn balls were examined by optical microscope and measured with optical micrometer Figure 1 shows the cross-sectional optical and SEM micrographs of the CrAlN and TiAlN coated AISI D2 tool steels. CrAlN coating layer was dense and exhibits laminar microstructure with a well-dened coating/substrate interface. TiAlN coating layer was of compact, smooth and porosity-free morphology and homogeneous the entire surface of steel samples. The thickness of the CrAlN and TiAlN layers is examined 11.8 ± 1.3 µm and 7.89±0.34 µm, respectively. The CrAlN and TiAlN coatings exhibit higher hardness [15] of 2067 ± 160 HV 0.005 and 2251 ± 255 HV 0.005 than that of uncoated steel (550 ± 14 HV), respectively. XRD patterns of the CrAlN and TiAlN coated AISI D2 steels of which phases are Cr 2 N, (Cr,Fe) 2 N 1−x , AlN, Fe 2 N and TiN, AlTi 3 N and Ti 3 Al 2 N 2 , respectively.
The values of the friction coecient and wear rate of CrAlN, TiAlN and uncoated steels against the silicon nitride ball are given in Table II . Figure 2a As shown from Table II , wear rate of the uncoated, CrAlN and TiAlN coated steels are changing between 2.13 × 10 −4 mm 3 /m2.4 × 10 × 10 −3 mm 3 /m, 9.0 × 10 −5 mm 3 /m1.08 × 10 × 10 −3 mm 3 /m and 1.31 × 10 −4 mm 3 /m2.95 × 10 × 10 −4 mm 3 /m, respectively. In general, increase in load value caused the increase of wear rate of all the tested materials [9] . It is clear from the results that the 10 N load caused severe wear for uncoated and CrAlN coated steels, whereas TiAlN was to withstand to severe conditions of 10 N wear load. Specic wear rates of the CrAlN and TiAlN coated steels are 62% and 93.4% lower than that of the uncoated steel. The results of friction coecient and wear rate of the tested materials showed that the TiAlN coating presents the lowest results. Figure 3 shows the worn tracks formed on uncoated CrAlN and TiAlN coated AISI D2 steels tested under the loads of 0.3 m/s. Microstructures of worn tracks against silicon nitride ball showed that the worn parts of the coated steels surfaces are shown as white zone, while the worn zone are grayish on the wear track. As shown from the gure, the wear track formed on the coated steels are formed on the top surface of the coating layer, whereas TiAlN coated steel against the balls has a good wear resistance. Wear tracks formed on the uncoated disk materials exhibit abrasive wear. Wear tracks formed on the CrAlN and TiAlN coated include adhesive spots. Similarly, dimensions of worn scars formed on the ball materials are getting larger with increase in load. W is realized deeper on the uncoated steel. In addition to this, wear track formed on the TiAlN coated steel has the lowest dimension. It was shown that the wear mechanisms formed on the coated steels are adhesive wear. 
Conclusions
The results of this work demonstrate that well adhered (diusion controlled) TiAlN coating can have very benecial eect on the tribological behavior compared to CrAlN coated and uncoated steel surfaces. It is concluded that:
TiAlN layer coated on the steel substrate are compact, smooth, porosity-free and homogeneous. CrAlN and coating layer was dense and exhibits laminar microstructure with a well-dened coating/substrate interface.
The CrAlN and TiAlN coatings exhibit higher hardness of 2067 ± 160 HV 0.005 and 2251 ± 255 HV 0.005 than that of uncoated steel (550 ± 14 HV), respectively.
The phases formed in the TiAlN and CrAlN coated layers are TiN, AlTi 3 N, Ti 3 Al 2 N 2 , and Cr 2 N, (Cr,Fe) 2 N 1−x , AlN, Fe 2 N, respectively.
The results of friction coecient and wear rate of the tested materials showed that the TiAlN coating presents the lowest results.
